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Abstract
Recently we reported about first in the world test of 10 m hybrid energy transfer line with liquid hydrogen and MgB2
superconducting cable. In this paper we present the new development of our second hybrid energy transfer line with 30 m length. 
The flexible 30 m hydrogen cryostat has three sections with different types of thermal insulation in each section: simple vacuum 
superinsulation, vacuum superinsulation with liquid nitrogen shield and active evaporating cryostatting (AEC) system. We 
performed thermo-hydraulic tests of the cryostat to compare three thermo-insulating methods. The tests were performed at 
temperatures from 20 to 26 K, hydrogen flow from 100 to 450 g/s and pressure from 0.25 to 0.5 MPa. It was found that AEC 
thermal insulation practically eliminated completely heat transfer from room temperature to liquid hydrogen in the 10 m section.
AEC thermal insulation method can be used for long superconducting power cables. High voltage current leads were developed 
as well. The current leads and superconducting MgB2 cable have been passed high voltage DC test up to 50 kV DC. Critical 
current of the cable at ~21 K was ~3500 A. The 30 m hybrid energy system developed is able to deliver up to 135 MW of 
chemical and electrical power in total.  
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1. Introduction
The first stage of Russian program to develop hybrid energy transfer lines with liquid hydrogen and 
superconducting MgB2 cable has been completed in 2011 and reported in [1-3]. At that stage 10 m hydrogen 
cryogenic line with outer diameter 80 mm and simple vacuum super-insulation (VSI) has been used. The test of the 
hybrid line has been successful and the conception of the hybrid energy transfer has been proved. In the cryogenic 
line overall heat flow to hydrogen channel was ~10±2 W/m.
At the second stage of the Program, the major task was to develop longer (~30 m) and flexible cryogenic line with 
high voltage current leads and longer superconducting cable made of MgB2 wire. Important part of works was to 
develop and to compare different thermal insulation methods for cryogenic line to find out how to reduce heat inflow 
to main hydrogen channel. High voltage test was an important task as well. 
In the framework of the Program mentioned, we developed the hydrogen cryogenic line with three sections. Each 
section had different thermal insulation method described below. Two pairs of high voltage current leads were 
developed as well along with 30 m MgB2 superconducting cable with high voltage insulation.  
Full testing of hybrid energy transfer line prototype under forced flow of liquid hydrogen was carried out at the 
cryogenic complex of the experimental facility of Design Bureau “Khimavtomatika” (Voronezh, Russia). Cryogenic, 
current and high voltage tests have been successfully completed in October 2013. 
2. Flexible cryogenic line 
The general 3D view of the 30 m prototype of flexible hydrogen cryogenic line is shown in Fig. 1. As already 
mentioned above, the transfer line consists of three main sections.
The first section (3 in Fig.1) with a total length of 10 meters is a cryostat of coaxial "pipe-in-pipe" type with VSI. 
Actually, this section is those cryogenic line used and tested in our first experiments [1-3].
Second section (4 in Fig.1) is a flexible cryostat made of three coaxial corrugated tubes with reinforcement. It has 
active evaporative cryostatting system as a thermal insulation.
The third section (5 in Fig.1) is also a flexible cryostat made of four corrugated tubes with reinforcement. It has 
an active thermal insulation with liquid nitrogen shield.
The cryostats of current leads are installed at input and output of the transfer line and have vacuum super-
insulation.
The thermal insulations in three sections of the hydrogen cryogenic line prototype are the following.
In section 1 it is the passive type of thermal insulation with 50 layers of super-insulation in a vacuum.
In section 2 the main heat inflow decreased by evaporating hydrogen flowing in an auxiliary channel at low 
pressure (0.1 … 0.2 bars). This is the active evaporation cryostatting (AEC) system to reduce heat inflow from room 
temperature to liquid hydrogen. To achieve this, liquid hydrogen is directing from the main channel through a jet 
nozzle to the channel with the low pressure provided by an ejector pump. This nozzle works at supercritical pressure 
drop.
In section 3 the main heat flow input is reduced by means of other type of active thermal insulation, by the use of 
the coaxial channel with liquid nitrogen. The liquid nitrogen is supplied to the channel from storage capacity under 
pressure of 3 bars excessive. Jet nozzle provides a necessary mass flow of liquid nitrogen ~70 … 90 g/s.
Liquid hydrogen in section 1 is warmed up due to heat flows existing and then is cooled by AEC in section 2. In 
section 3 the heating of hydrogen decreases by means of the nitrogen shield. The value of a mass flow of liquid 
hydrogen in the main channel of the transfer line is controlled by an afterburner nozzle and by pressure in a supply 
tank. Besides this at the exit of the transfer line there is a valve to increase capacity of transfer line. Measurement of 
a volumetric flow rate was carried out by a discrete level gage installed in a supply tank.
All elements of the flexible transfer line are mounted on 11 meters load frame (6 in Fig.1), which is made of 
welded steel profiles and provides a rigid attachment of all elements of design of the cryogenic line, as well as it 
allows the handling and transportation by ordinary trucks.
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Fig. 1. Overview of the prototype of flexible hybrid energy transfer line: 1 - current leads; 2 - cryostat of current leads; 3 - section 1 (VSI); 4 -
section 2 (AEC); 5 - section 3 (liquid nitrogen shield); 6 – load frame.
3. High voltage current leads 
Fig. 2 shows the structure of the current lead. It consists of a current-carrying element – current path which is 
made as a flexible copper conductor inserted into a stainless steel pipe. Upper plug provides connection of leads to 
the electric grid. High voltage insulator prevents the formation of leakage current between phase and the body frame 
of the current lead.
The multilayer polyimide high voltage insulator is used in the current leads. Multilayer polyimide high voltage 
insulator with stainless steel flanges is made by unique technology from Khrunichev State Research and Production 
Space Center. It provides a hermiticity of dissimilar materials at low temperatures down to temperature of liquid 
hydrogen. It provides not only a reliable electrical isolation of current leads, but as well as hermetic connection of 
current insulator with the frame body of the current lead formed by welding.
The transverse dielectric separators installed in the annular cavity of current leads are used to suppress 
convection. It was developed based on the results of 3D modeling and thermal and hydraulic calculations. The 
separators enable to reduce the scale of the three-dimensional transient vortices due to separation of the annulus 
cavity of current insulator to volumes of smaller dimension. Our evaluation shows that dividing of space with 
separators will significantly reduce the irregularity of thermal fields and velocity of eddy gas flows along the current 
path. As a result the heat inflow to low temperature area is reduced by 50%.
The magnitude of the heat input through the current lead was calculated. Total heat flow without a current was 
~75 W. At current load 2.5 kA it increases up to ~250 W. Directly to current-carrying elements it was ~160W, due 
to convection ~80 W.
Liquid 
it
4
1
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4. MgB2 superconducting cable.
Superconducting power cable design was similar to those described in [1-3]. It is the coaxial design made of six 
flat MgB2 tapes produced by Columbus superconductor SpA (Genoa, Italy) [4], separated by flat copper bunches.
General view of the cable model is shown in Fig. 3.
Major difference from the MgB2 cable tested in our first experiments was that high voltage insulation between 
layers has been used in the present cable. Insulation was made of crepe cable paper and has 3.7 mm thickness. Total 
cable diameter was 24.5 mm. length 30 m. The designed critical current at 20 K was 3500 A, with DC operation 
current 3000 A, designed operation voltage ~20 kV. More details about MgB2 cable has been presented at ASC-
2014 and is accepted for publication in IEEE Trans. on Applied Superconductivity in 2015  [5].
5. Cryogenic tests and comparison of thermal insulation methods
General view of hybrid energy transfer line installed at test facility of Design Bureau “Khimavtomatika” is 
shown in Fig. 4. During all tests cooling, cryostatting as well as measuring of thermal, hydraulic and electrical 
parameters of the system was performed remotely via internet channels control circuits. General state of the system 
was controlled via TV monitor [2]. 
During experiments liquid nitrogen was supplied from the storage tank to input of the transfer line channel. At 
the output of the system the hydrogen has been transferred to the drainage system and to the afterburner Switching 
of the drainage direction has been provided by the pneumatic-hydraulic valves remotely. 
Liquid hydrogen flow was at temperature below saturation temperature, i.e. in sub-cooled conditions under 
pressure. This provided the entire filling of the porous cable channel formed by bunches of copper wires and 
superconductors by LH2 with high thermal diffusivity. At nominal mode the pressure in the channel was kept at the 
level of 2.8…4.5 bar, pressure drop along the transfer line was not more than 0.5 bar. At these conditions besides 
thermal and hydraulic tests, electrical tests have been performed as well.
All elements of hybrid energy transfer line survived total cycle of tests. There was no frozen part in the line. It 
demonstrated low heat flow from environment to cryogen parts. High reliability and hermiticity of current leads has 
been confirmed. 
Results of thermo – hydraulic tests for three different operational regimes of the transfer line are summarized in 
the TABLE 1 as examples. Temperatures T1-T4 represents change of temperatures along a cryogenic line during 
corresponding operational regime.
Table 1. Cryogenic test results
Parameter Regime 1 Regime 2 Regime 3
P1, bar 3.88 5 3.88
DP1, bar 0.5 1.75 1.86
P3, bar 2.32 2.6 2.5
P4, bar 1.9 1.14 0.85
7ɄDWWKHLQSXWWRWKHOLQH 25.1 22.35 20.4
7ɄDWWKHLQSXWWRWKHVHFWLRQ 25.6 22.8 21.1
7ɄDWWKHLQSXWWRWKHVHFWLRQ 24.8 21.78 21.1
7ɄDWWKHRXWSXWIURPWKHOLQH 23.8 22.14 22.3
7Ʉ 107.9 110.6 139
7Ʉ 81.6 75 94
*JV/ɇ2 flow in the main channel) 110 160 230
*ɤɪJVɇ2 flow in the auxiliary channel) 0.8 1.7 1
GN2,g/s (N2 flow in the auxiliary channel) 77 83 81
In the Table 1 one can see that in the section 1 liquid hydrogen temperature increases by 0.5 to 0.7 K in all 
regimes. In the section 2 liquid hydrogen temperature is cooled down by 0 to 2 K in all regimes also.
'T, Section 1
'T, Section 2
'T, Section 3
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In the section 3 at regimes 2 and 3 liquid hydrogen is heated up to 1.2 K. In regime 1 we see cooling down of 
hydrogen by 1 K. It is connected with the fact that at this section liquid hydrogen is heated up to the saturation 
temperature.  At this instant the two-phase vapor-liquid flow appears. All heat input is spending for evaporation of 
the liquid hydrogen at the temperature close to the saturation temperature. That is why the sensor at the output from 
the section 3 is measuring just saturation temperature. Due to pressure drop along the section length, saturation 
temperature drops as well.
At the section 2 with active evaporating system total heat flow into the main channel was completely shielded by 
work of AEC. In some regimes AEC action even led to cooling liquid hydrogen in the main channel. Reduction of 
temperature of liquid hydrogen in the main channel was from 0 to 2K.
Total mass flow in the main channel varied from 100 to 450 g/sec. Mass flow in the AEC channel was about 1-2
g/sec. Mass flow in the auxiliary liquid nitrogen channel was 70-90 g/sec. 
The results of thermo-hydraulic tests clearly demonstrated advantages of using active evaporating cryostatting 
system even with thermal bridges with heat input about 120…200 W. Mass flow in the AEC channel did not exceed 
2 g/sec or ~ 1% of main channel hydrogen flow. It corresponded to cold power efficiency of AEC 400…800 W.  
Therefore, the use of AEC system for hybrid energy transfer system has the following advantages:
- Liquid hydrogen flow in the main channel can be cooled down or keep same temperature along the length 
of the cryostat;
- Hydraulic losses per unit length are not more than 0.001…0.18 bar/m
6. Results of electrical tests. 
Critical currents of superconducting MgB2 power cable were determined in temperature range from 20 to 26 K, at 
pressures from 0.15 to 0.5 MPa and hydrogen flow from 18 to 450 g/sec. Temperature change along cable was not 
more than 1 K. 
Critical current of the cable at 25 K was ~2700A, at 22 K ~3300A and at 20K ~3500A. These measurements 
confirmed the preliminary evaluation of critical current of the cable. It means that the cable was not damaged during 
manufacturing process. We did not observe any heating of liquid hydrogen during operation at currents close to the 
critical ones. Thus, the operation current ~2500-3000 A could be recommended for this cable. 
After current test the high voltage test was performed. The cryostat body was grounded and high voltage power 
source was connected to the inner layer of a cable. With 10 kV steps with stops ~15 min at each level the voltage 
was risen up to 50 kV. Leakage current was not more than 10μA – that is sensitivity limit of our device. That means 
very good insulation properties of paper insulation impregnated by liquid hydrogen and proper high voltage current 
leads design. 
Electric tests were successful and confirmed designed parameters of MgB2 30 m cable and current leads. The 
design of cable and current leads can be recommended for longer hybrid energy transfer lines.
Conclusion
The tests of the second in the world prototype of 30 m hybrid energy transfer line with liquid hydrogen and 
superconducting MgB2 cable were successful. Three methods of thermal insulation of cryostats developed were 
compared. Thermo-hydraulic tests demonstrated sufficient advantage of active evaporating cryostatting system that 
permits to prevent heating of liquid hydrogen along length of a main channel of a cryostat with very low hydraulic 
losses. 
First ever made 50 kV high voltage tests of current leads and superconducting cable cooled by liquid nitrogen 
demonstrated good dielectric properties of the system. This confirmed the feasibility of transfer of large energy flow 
with liquid nitrogen and superconducting cable. In the transfer line tested the chemical power transferred could be 
up to 50…60 MW and electrical power up 50…75 MW, or 100…135 MW in total. 
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